It has long been known that CLA is produced by LA isomerization in the initial step of sequential LA hydrogenation by ruminal microbes (Harfoot and Hazlewood, 1997) . In the rumen, most of the CLA produced is usually hydrogenated to stearic acid via octadecenoic acid, such as trans-vaccenic acid (t-VA) (Harfoot and Hazlewood, 1997) , indicating that absorption of CLA from the intestines is poor. CLA can also be produced from t-VA in the body of ruminants (Griinari et al., 2000) . However, the amount of CLA in ruminant meat and milk is small. Ruminant nutritionists have been attempting to increase the CLA content of meat and milk by modifying feeding conditions and ruminal fermentation (Chouinard et al., 2003; Duckett et al., 2002; Franklin et al., 1999) .
So far, Butyrivibrio fibrisolvens (Kepler et al., 1966) , Eubacterium lentum (Eyssen and Verhulst, 1984) , Propionibacterium freudenreichi (Jiang et al., 1998) , Lactobacillus acidophilus (Ogawa et al., 2001) , Lactobacillus reuteri (Lee et al., 2003) , Megasphaera elsdenii (Kim et al., 2002) , and Bifidobacterium breve (Coakley et al., 2003) have been shown to produce CLA. Based on the reported data, B. fibrisolvens, a prevailing ruminal bacterium, appears to have much greater ability to produce CLA than other bacteria. It is known that B. fibrisolvens isomerizes LA to c9, t11-CLA via LA isomerase (LA-I), and then reduces to t-VA via CLA reductase (CLA-R) (Kepler et al., 1966) .
B. fibrisolvens resides in the large intestine of goats, although in lesser numbers than in the rumen (unpublished observations) . Because CLA may be absorbed from the large intestine, CLA production there may contribute a source of CLA to the host. B. fibrisolvens also resides in the intestines of humans (Wedekind et al., 1988) , dogs (Asanuma et al., 2001) , and cats (Asanuma et al., 2001) . We showed that CLA is produced by the mixed bacteria harvested from dog and cat feces (Fukuda et al., 2002b) . Introduction of B. fibrisolvens as a probiotic may enhance CLA supply, and contribute to the health of these animals.
This paper reports that a new strain of B. fibrisolvens had higher ability to isomerize LA to CLA than other strains reported so far. We examined conditions affecting CLA production, as well as factors affecting the specific activities of LA-I and CLA-R.
Materials and Methods
Sources of bacterial strains and culture conditions. B. fibrisolvens ATCC19171 and ATCC51255 were purchased from the American Type Culture Collection. The OB156 and A38 strains were generously provided by Dr. Forster (Lethbridge Research Center, Agriculture and Agri-food Canada, Lethbridge, Canada) and Dr. J. B. Russell (Cornell University, USA), respectively. The TH1 strain was isolated from deer feces and identified in our laboratory (Bryant, 1986; Ogimoto and Imai, 1981) .
B. fibrisolvens was routinely grown in 120 ml serum vials containing 60 ml growth medium, which consisted of clarified ruminal fluid (Miyazaki et al., 1992) and a basal medium (1 : 3) containing 0.45 (g/L) of K 2 HPO 4 , 0.45 of KH 2 PO 4 , 0.9 of (NH 4 ) 2 SO 4 , 0.9 of NaCl, 0.12 of CaCl 2 · 2H 2 O, 0.19 of MgSO 4 · 7H 2 O, 1.0 of trypticase (BBL, Becton Dickinson, Cockeysville, MD), 1.0 of yeast extract (Difco Laboratories Inc., Detroit, MI), 3.0 of glucose, and 0.6 of cysteine · HCl (pH 7.0). Cultures were routinely incubated in triplicate at 39°C, maintaining the pH between 6.5 and 7.0 (Miyazaki et al., 1992) . Details of culture conditions and procedures were as described previously (Fukuda et al., 2002a) . Cell growth was estimated by measuring the optical density at 600 nm (OD 600 ). When fatty acids (FAs) were added to the cultures, growth was estimated by measuring cellular nitrogen (cell-N). Viable cells of B. fibrisolvens were counted by the Hungate's roll tube method using a growth medium containing 2% agar (Ogimoto and Imai, 1981) . Five tubes were used for one sample, and colony numbers were counted.
Unless otherwise stated, LA and other FAs were added to cultures when the OD 600 reached 1.0, and the cultures were incubated again for another 5 h. Below the toxic levels of LA, cells continued to grow until the end of this incubation period. LA was added either in solution with dimethyl sulfoxide (DMSO), named LA/DMSO, or in a mixture with bovine serum albumin (BSA), named LA/BSA. The level of DMSO added was 0.16% (v/v) of culture. DMSO had no effect on the growth of any of the strains examined even at 0.5%. To prepare the LA-BSA mixture, LA was dissolved in acetone and then the solvent was removed by flushing with N 2 . Subsequently, BSA dissolved in 50 mM potassium phosphate (KPi) buffer (pH 7.0) was added, and vigorously shaken for 10 min (LA : BSA; 1 : 3). Similarly, other FAs were added to cultures as FA/BSA.
Measurement of LA, CLA, and t-VA. To measure CLA and t-VA, lipids were extracted by shaking the cultures with isopropanol-isooctane-3M H 2 SO 4 (20 : 10 : 1), as described (Fukuda et al., 2002a) . Lauric acid (routinely 2.5 mg/culture vial) was added as an internal standard before extraction. The extracted lipids were transmethylated with 5% HCl in methanol at 60°C for 1 h under a gas phase of N 2 as described (Fukuda et al., 2002a) . The methylated FAs were analyzed by using a gas chromatograph (Shimadzu GC-14B, Japan) equipped with a capillary column (HR-SS-10, 50 m, Shinwa Kako, Japan). FAs were identified, based on retention time and also by gas chromatography-mass spectrometry using a Shimadzu GC-17A gas chromatograph connected to a Shimadzu mass spectrometer QP5050, as described (Fukuda et al., 2002a) .
Preparation of cytosol and membrane fractions. The TH1 strain was grown until an OD 600 of 1.5, and the culture was immediately cooled in an ice bath and then centrifuged (20,000ϫg, 10 min, 4°C). The pellet was washed with and resuspended in anaerobic 50 mM KPi buffer (pH 7.0). Then, the cells were disrupted by repeated passage through a French press until approximately 95% of cells were broken (Hunter et al., 1976) . After unbroken cells were removed by centrifugation (15,000ϫg, 10 min, 4°C), the supernatant (cell homogenate) was ultracentrifuged at 300,000ϫg for 1 h (4°C). The supernatant was used as a cytosol fraction, and the pellet resuspended in the same buffer was used as a membrane fraction.
LA-I and CLA-R enzymatic assays. To measure the specific activities of LA-I and CLA-R in intact cells, cultures were immediately cooled in an ice bath and centrifuged (20,000ϫg, 10 min, 4°C). The pellets were washed twice with anaerobic KPi buffer, and immediately subjected to enzyme assay. When cells incubated with FAs were used for enzyme assay, cells were washed with KPi buffer containing 5% (w/v) BSA to remove FAs.
LA-I activity was assayed by the method of Hunter et al. (1976) with some modifications. A reaction mixture containing 0.1 mM LA/DMSO and an appropriate amount of enzyme sample (intact cells or subcellular fractions) in 3 ml of 50 mM KPi buffer (pH 7.5) was incubated at 30°C for 3 min. The reaction, which was linear during 3 min, was terminated by shaking with the organic solvent for lipid extraction described above.
CLA was then quantified by gas chromatography. CLA-R activity was assayed in a reaction mixture containing 0.1 mM CLA (a mixture of c9, t11-and t10, c12-CLA; 1 : 1, Sigma Chemical Co., St Louis, MO)/DMSO, 30 mM methylviologen, 90 mM Na-dithionite, and an appropriate amount of enzyme sample in 3 ml of 50 mM KPi buffer (pH 7.5). The reaction mixture was incubated anaerobically at 40°C for 5 min. Then, the amount of t-VA was determined by gas chromatography. Details of these assay procedures were as described previously (Fukuda et al., 2002a) .
Unless otherwise stated, enzyme activity was expressed as specific activity; i.e., mmol/min/mg of cell-N, which reflects the amount of enzyme per cell. Cell-N was determined by the Kjeldahl method, followed by the quantitation of ammonia by the indophenol method (Chaney and Marbach, 1962) .
Release of CLA from cells by washing with BSA. A suspension of TH1 cells (OD 600 of 1.0) was incubated aerobically with 2.5 mM of LA/BSA for 30 min (first dose), and cooled in an ice bath. The suspension was shaken gently for 5 min after the addition of BSA (final concentration; 5 mg/ml), and then centrifuged at 20,000ϫg for 10 min (4°C). The amounts of CLA, LA, and t-VA in the supernatant were determined. The cell pellet was incubated again with 2.5 mM LA/BSA for 30 min (second dose), and similarly washed with BSA. After centrifugation, CLA, LA, and t-VA in the supernatant were determined again.
Evaluation of data. Data were analyzed by Tukey's test or Student's t-test using the SigmaStat Statistical Analysis System (Jandel Scientific, San Rafael, CA).
Results and Discussion
Tolerance to LA Several strains of B. fibrisolvens were tested for their ability to convert LA to CLA. When added to growing cultures, the highest LA concentration that permitted growth varied considerably among the different strains (Table 1) . Strain TH1 was more tolerant to LA than other strains, and able to grow in media containing up to 2 mM LA/BSA or 0.6 mM LA/DMSO. LA was more toxic when added as LA/DMSO than as LA/BSA, presumably because DMSO enhanced the LA incorporation into the cell membrane (DMSO itself had no effect on viability as shown in Table 4 ). The minimum inhibiting concentration of CLA was slightly higher than that of LA (Table 1) , presumably because CLA is more rapidly reduced to t-VA that is much less toxic than CLA (Table 1, Kim et al., 2000) .
Tolerance of the strains to LA was related to the rate of LA conversion to t-VA (Table 2 ). This result supports the suggestion by Dawson and Kemp (1969) that B. fibrisolvens hydrogenates LA to protect against its toxicity. The rate of LA conversion to t-VA was related to the rate of LA isomerization (Table 2) , and thereby, the overall rate of biohydrogenation. The ability of TH1 to produce t-VA was much higher than other strains of B. fibrisolvens (Table 2 ). Since CLA is produced from t-VA in the body of ruminants, as described above, introduction of TH1 to the rumen may increase CLA content in milk and meat.
Properties and subcellular distribution of LA-I and CLA-R in TH1
Enzyme assays using intact TH1 cells indicated that the optimal temperatures for LA-I and CLA-R activities were 30 and 40°C, respectively (data not shown). The optimal pH for both the enzymes was approximately 7.5, and the activity of each enzyme at pH 6.0 was half of the maximum activity (data not shown). These results agreed with those reported for other strains (Hughes et al., 1982; Hunter et al., 1976) .
More than 90 and 70% of LA-I and CLA-R activities, respectively, were recovered in the membrane fraction (data not shown). The lower recovery of CLA-R is probably because the release from the membrane during fractionation was greater. Thus, LA-I and CLA-R appear to be present in the membrane in strain TH1, which is similar to the case of other strains (Hughes et al., 1982; Hunter et al., 1976) .
Specific activities of LA-I and CLA-R
Among the strains examined, TH1 showed the highest specific activity of LA-I as well as a high LA-I to CLA-R ratio (Table 3) . These results explain why TH1 produced more CLA than the other strains examined, as well as why the CLA once formed was gradually reduced to t-VA (Fukuda et al., 2002a) . Although strain 19171 had a higher LA-I/CLA-R ratio than TH1, its low LA-I specific activity explains why it produced less CLA than TH1 (Fukuda et al., 2002a) . These results explain, in part, the magnitude of temporary CLA accumulation. It is reasonable to conclude that TH1 has greater potential to produce CLA than other strains as a result of its higher LA-I activity.
CLA and t-VA production by strain TH1
CLA production was greatest after 30 min incubation of growing TH1 cultures with LA/DMSO, and reached a maximum accumulation of 0.24 mM (Fig. 1-A) . More than 90% of the CLA produced was c9, t11-CLA (data not shown), which is similar to the case of strain A38 (Kepler et al., 1966) . In contrast, CLA production was much smaller when incubated with LA/BSA, because t-VA production was by far faster than when LA/DMSO was added ( Fig. 1-B) . These results differed from those reported by Kim et al. (2000) , in which CLA accumulation was greatest after 2 min incubation of A38 strain with LA/BSA. This difference may be due to the difference in the specific activities of LA-I and CLA-R between the two strains.
The addition of LA/BSA or DMSO had no effect on the viability of TH1 in 2 h of incubation (Table 4) . On the other hand, in the presence of LA/DMSO, the number of viable cells decreased to 7% of the control value after 2 h incubation. These results suggest that CLA is accumulated when cells are damaged, and support the idea of Kim et al. (2000) that CLA is produced when B. fibrisolvens cells are inactivated, killed, or lysed. However, even when LA/DMSO was added, the number of viable cells actually increased after 5 h incubation ( Fig. 2 and Table 4 ), indicating that cells regained the ability to grow as a result of CLA conversion to t-VA. This result suggests that B. fibrisolvens could survive if CLA is released from the cells even when CLA reduction is inhibited.
Specific activity of LA-I increased 2.6-fold after the addition of LA/BSA until 5 h incubation (Fig. 3-A) . How- ever, when LA/DMSO was added, LA-I specific activity increased similarly until 1 h incubation, but then decreased thereafter. It is unclear why LA-I specific activity decreased when LA/DMSO was added, but LA-I may have been degraded when cell growth was inhibited. CLA-R specific activity increased three-fold within 1 h incubation after the addition of either LA/BSA or LA/DMSO, and thereafter the level did not change significantly ( Fig. 3-B) . The specific activity of CLA-R in cells incubated with LA/BSA was similar to that in cells incubated with LA/DMSO, but CLA accumulation was greatly different as described above (Fig. 1) . These results suggest that electron donation to CLA-R was inhibited by the addition of LA/DMSO, possibly because fermentation of energy substrate was inhibited and viability was lost.
Ability of strain TH1 to produce CLA
When TH1 was incubated with LA under an aerobic condition, CLA was produced without t-VA production, and the initial rate of production was the same from LA/DMSO and LA/BSA (Fig. 4) . However, the rate decreased over time with LA/BSA. Strain TH1 produced 3-to 4-fold more CLA than A38 (Fig. 4) , presumably as the result of the higher LA-I specific activity (Table 3) .
When increasing amounts of LA/DMSO were added to growing cultures and incubated anaerobically for 30 min, the maximum amount of CLA produced by TH1 was 3-fold higher than that produced by A38 (Fig. 5) . Again, this result can be explained by the higher LA-I specific activity in TH1. Thus, the ability of TH1 to produce CLA is higher than that of other strains reported so far (Fukuda et al., 2002a; Kim et al., 2000) .
Release of CLA from TH1 cells by washing with BSA
When TH1 cells were incubated aerobically with an excess amount (2.5 mM; Fig. 5 ) of LA/BSA and then washed with BSA, more than 90% of 18 : 2 (CLAϩLA) was recovered in the supernatant (Table 5 ). This result showed that CLA can be released from cells by gentle washing with BSA. A similar result was obtained in the second dose, although the amounts of CLA formed 110 FUKUDA et al. Vol. 51 Fig. 5 . Ability of B. fibrisolvens TH1 () and A38 (᭹) to produce CLA.
Graded levels of LA/DMSO were added to growing cultures, and incubated anaerobically for 30 min. Bars indicate standard errors (nϭ3). and released were lower. This result indicates that LA was bound to LA-I again after the removal of CLA and then converted to CLA.
In normally growing cells, most of the CLA converted from LA is probably bound to CLA-R. However, if CLA-R is inactive, at least a part of CLA may be released from LA-I even when cells are not lysed. Kim et al. (2000) have suggested that LA-I does not seem to release free CLA and therefore does not recycle like a normal enzyme to catalyze more substrate, but the present result suggests that CLA can be transferred from LA-I to extracellular protein. In the rumen and large intestine, CLA might be transferred to proteins, lipid droplets, fibrous materials, and other bacterial cells when B. fibrisolvens cells get in close contact with them, and then a part of the CLA might be absorbed from the intestines. CLA may also be directly absorbed from the large intestine when B. fibrisolvens cells get in contact with the epithelium (Fukuda et al., 2002b) .
It may be possible to increase CLA production or accumulation by decreasing CLA-R activity. Theoretically, this can be attained by inhibiting the electron donation to CLA-R or decreasing the amount of CLA-R. Kim (2003) showed that inhibition of glycolysis with iodoacetate increased CLA production, but it may be extremely difficult to inhibit electron donation to CLA-R without inhibiting bacterial growth. Suppression of CLA-R synthesis or construction of a mutant defective in CLA-R may be an important goal in the future.
Effects of FAs on the specific activities of LA-I and CLA-R
The specific activity of LA-I in TH1 grown with LA/BSA for 3 h was 1.8-fold higher than in cells grown without LA (Table 6 ). Similar results were obtained when LA was replaced by CLA, the methyl ester of LA, linolenic acid, oleic acid, or stearic acid. However, palmitic acid and palmitoleic acid had less effect, and myristic acid had little effect. These results indicate that chain length of the acyl group is important for the enhancement of LA-I specific activity.
The specific activity of CLA-R was enhanced threefold by the addition of 18 : 3, 18 : 2, or 18 : 1 FA (Table 6) . 2005 CLA production by Butyrivibrio fibrisolvens 111 Palmitoleic acid (16 : 1) also increased CLA-R specific activity, although the effect of 16 : 1 was smaller than 18 : 1. Stearic acid had a less effect than 16 : 1, and palmitic acid and myristic acid had little effect. These results indicate that unsaturated FAs enhance CLA-R specific activity, and the acyl-chain length also affects specific activity. Because CLA-R specific activity was more greatly enhanced than LA-I specific activity, feeding a diet containing a high proportion of LA may be unfavorable for CLA production in the rumen and large intestine. As far as B. fibrisolvens is concerned, it seems to be desirable to provide lipids with a low ratio of unsaturated to saturated FAs. Assuming that the specific activity values reflect the amounts of enzyme present in the cells, the results presented here suggest that FAs stimulate the synthesis of LA-I and CLA-R. However, this point needs to be confirmed by Western blotting with antibodies, because there is a possibility that FAs affect the enzyme activity in the membrane.
In conclusion, a newly isolated strain of B. fibrisolvens with high LA-I specific activity and high LA-I to CLA-R ratio has high potential to produce CLA. CLA is produced when cell growth is inhibited, but cells resume growing when CLA is removed. CLA production could be increased by a reduction in CLA-R activity.
